Abstract China's recent rapid economic development has resulted in rampant urbanization and substantial farmland reduction, which makes food security a great policy concern, not only in China, but around the world. The Chinese government has been implementing large-scale land consolidation programs since 1998 in order to stabilize and improve the quantity and quality of national farmland. During 2006-2012, about 6.8% of total national farmland was renewed by land consolidation programs. A comprehensive analysis of the relationship between the spatial distribution of land consolidation projects and the present status (quality and quantity) of respective farmland is critical for the future national land consolidation strategy. Land use, land consolidation management data, implementation status and spatial-temporal features of such implementation were explored. We found that prioritized implementation was weak at the national level; that is, obvious discrepancies exist between implementation intensity and improvement potential of farmland quality. Furthermore, the national land consolidation plan did not provide effective guidance for land consolidation practices; hence policy implementation differs significantly across the country. We suggest that methods of management and operational strategy in land consolidation should be improved.
Introduction
Land consolidation (LC) integrates a series of measures to improve agricultural production and environmental conditions. It is a common strategy in most countries to support land use planning, solve land use conflicts, activate idle land, and improve the efficiency of land use (Wu et al. 2005; Huylenbroeck et al. 1996; Lerman and Cimpoie 2006; Pašakarnis and Maliene 2010) . The history of LC can be traced back to the late nineteenth century in European countries such as Germany, Russia, and England, and it then spread to the Netherlands, France, Austria, Switzerland, Norway, Turkey, Japan and Korea (FAO 2003; Vitikainen 2004; Sayılan 2014; Long 2014) . The reasons for different countries to embark on LC are similar, that is, the need for readjusting unfavorable land division and promoting rational land use, but the objectives and procedures for LC differ across countries as its implementation is greatly influenced by historical conditions, culture, tradition, and legislation in each country (Coelho et al. 1996 (Coelho et al. , 2001 Hartvigsen et al. 2012 ).
An effective food supply is essential to food security (FAO 2010) . Food supply is confined and influenced by social, economic, regulatory, technological, and natural conditions. Land resources, cultivation technology, farmers' behavior, support policy, and other factors constitute the agricultural production context (Barling and Duncan 2015; Bashir and Schilizzi 2012; Chen and Chen 2000; Chen 2007; Li et al. 2016a; Pinstrupandersen 1999; Simelton 2011) . Among these, farmland is one Electronic supplementary material The online version of this article (https://doi.org/10.1007/s12571-017-0719-6) contains supplementary material, which is available to authorized users.
of the most essential land resources, a basic indicator of the comprehensive capability for food production, and the most fundamental constraint of effective food supply Kastner and Nonhebel 2010; Khouri et al. 2011) .
Harboring 19.78% of the Earth's population with only 7.63% of the world's farmland, China is challenged by a serious situation regarding food security (FAO 2013) ; the status and trends of farmland resources in China are in fact weakening the national food supply and food security (Yan et al. 2015) . Specifically:
(1) The amount of farmland has been shrinking rapidly and the farmland reserve is scarce. According to the second national land resource survey, at the end of 2009, there was about 135.4 million ha of farmland, while the per capita farmland area decreased to 0.1 ha (the Second National Land Survey 2013), which is roughly 40% of the global average. From 1998 to 2012, the proportion of the national population in urban areas has increased from 30.4 to 52.6%, accompanied by a loss of 7.93 million ha of farmland (Ministry of Land and Resources (MLR) 2013). The next 20 years are expected to be a 'high growth' era for population, urbanization, and industrialization in China, and farmland has been decreasing at an annual rate of 0.43 million ha but the total amount of national farmland reserve is strictly confined at only about 51.3 million ha (Bai et al. 2014; Liu et al. 2014 ). (2) Farmland is not of high quality (i.e., great potential for agricultural production regardless of the type of crops) and the risk of exploiting the farmland reserve has been increasing. The contemporary farmland resource in China is not sound in quality in general and more than 70% of national farmland is of low-or medium-quality (Investigation and Evaluation of the Quality of Farmland 2014). Under regulation of the farmland balance policy (also known as the 'acquisition-compensation balance' or the 'dynamic balance' policy), which requires any area of land taken from cultivation to be compensated by putting an equal or greater area of land into cultivation, a vast amount of superior-quality farmland has been lost due to urbanization while having been supplemented by pieces of land mainly located in the Northwest and Northeast of China where the ecosystem is delicate (Gao et al. 2006; Liu and Wu 2002) . In other words, the reality of Btake good, supplement bad^has been unavoidable. In the long run, exploiting the farmland reserve in areas with fragile ecosystems inherently brings with it huge ecological risks (Jin et al. 2016a; Zhu 2006) . (3) Rural areas have suffered severe air, water and environmental pollution and soil degradation. Statistically, desertification affects 28% of the national geographic coverage while soil erosion occurs on 40%, which leads to serious loss of soil nutrients (Zhu 2006) . About 33.3 million ha of farmland are heavily polluted and not suitable for farming Liu and Wu 2002) . Most of these areas are located in the Yangtze River Delta, East Central China and other major grain production areas . Furthermore, there are about 0.27 million ha of farmland lost to construction and natural disasters annually (Ministry of Land and Resources of China 2014).
From now and for a certain period into the future, farmland quantity in China is and will be following a downward trend, with farmland quality threatened by degradation, grain production confined by resources and environmental factors (such as water resource scarcity, global warming, environmental pollution, and so on), and farming's technological advances are not and will not be decisive factors for grain production Li et al. 2016b; Liu and Wu 2002; Qin et al. 2013a; Shi et al. 2013; Zhu 2006) . Therefore, it is vital for China to protect farmland in both its qualitative and quantitative dimensions. In other words, food security in China demands a guarantee of both farmland quality and farmland quantity, while the most fundamental need is to secure the comprehensive capability of farmland in grain production.
Launched in 1998, land consolidation was first used as a tool to achieve and maintain a national farmland balance. After 2008, along with the implementation of new types of industrialization, urbanization, and agricultural modernization strategies, land consolidation has been making great advances along with promoting the coordinated development of urban and rural areas, such as in the realms of poverty alleviation, environmental improvement, landscape amelioration and so on Qiao and Liu 2016; Liu et al. 2013; Pašakarnis and Maliene 2010) . Although there have been certain changes in policy background, stabilizing and improving the quantity and quality of national farmland has always been the core issue of land consolidation (Qiao and Liu 2016; Shi et al. 2013) .
In practice, land consolidation is mainly of three forms: farmland consolidation, land exploitation, and land reclamation. Specifically, farmland consolidation targets existing agricultural land; land exploitation focuses on converting unused land (e.g. wild grass land, saline and alkali land, swampland, beach land, and reed land) to agricultural lands; and land reclamation aims to convert urbanized and/or disaster-damaged farmland back into agricultural uses. In all, land consolidation practices entail amalgamation of small plots into large plots and promote the construction of irrigation, drainage, roadways, and forest conservation buffers. Land consolidation may be broadly defined as measures to improve land quality that includes (a) expanding irrigated area and improving plot and irrigation and drainage conditions; (b) improving farm plot configuration, including the plot size, shape, and layout, through a suitable merging of smaller and irregular-shaped plots into larger ones of a regular size and shape; (c) improving farm road systems to provide better access to plots for both workers and machinery; and (d) reducing fragmentation of a farmer's land into many small, noncontiguous plots scattered in many locations (Coelho et al. 2001; Wu et al. 2005) .
Between 2006 and 2012, more than 152,000 LC projects were deployed, about 8.29 million ha of farmland (about 6.8% of total national farmland) had been renewed, 0.27 million ha of farmland had been newly added (more than the amount of farmland taken over by construction or urban expansion during the same period), and around 52.8 billion USD had been invested into these LC projects (Guan et al. 2013; Guo et al. 2015; Yang et al. 2014) . Farmland consolidation is the most widely applied type of LC in China. Specifically, farmland consolidation programs take up 51.30% of LC investment while contributing 70.93% of the renewed farmland and 31.56% of newly added farmland. Therefore, for the sake of simplicity, the term LC in this paper only refers to farmland consolidation.
In China, the National Land Consolidation Plan is the strategy for central government to enforce the land consolidation process in spite of great variation in natural resources, socialeconomic development, and agricultural production conditions across the vast geographic coverage of the nation. There have been two rounds of national land consolidation in sequence, i.e. the National Land Consolidation Plan (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) and the National Land Consolidation Plan (2011) (2012) (2013) (2014) (2015) . At the national level, they set macro goals, objectives, and key areas of land consolidation programs; their strategic arrangements provide fundamental support to local governments regarding necessary fund settlements, project layout, and policy making.
The National Land Consolidation Plan (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) proposed that the arrangement of land consolidation projects should favor the setting-up and maintenance of primary farmland and the balanced improvement of farmland quality across the nation. The National Land Consolidation Plan (2011) (2012) (2013) (2014) (2015) emphasized that the arrangement of land consolidation projects should focus on setting up large-scale, stable-yield well-facilitated primary farmland, enforce farmland consolidation, strengthen consolidating medium-to low-yield farmland and should yield a significant productivity improvement of no less than 1500 kg/ha. The Plan also specifies that LC programs should renew 26.7 million ha of farmland, that is, 22% of the total national farmland, by 2015 and a further 26.7 million ha by 2020.
These planning objectives and tasks are of great significance to the improvement of national farmland production capability and food security. It is difficult to break through the tight constraints of resources and environment while achieving such large-scale tasks. In order to guarantee national food security, the arrangement of land consolidation programs should be consistent with the quantity and quality of farmland.
Current research on LC mainly focuses on political institution frameworks (Coelho et al. 2001; Coelho et al. 1996; Han and Zhang 2014; Lerman and Cimpoie 2006) , planning and designing methods (Cay et al. 2010; Cay and Uyan 2013; Chartin et al. 2013; Demetriou et al. 2013; Niroula and Thapa 2005; Sklenicka 2006 ), land productivity potential (Deng et al. 2006; Song and Pijanowski 2014) , environmental impact appraisal (Bonfanti et al. 1997; Chartin et al. 2013; Muchová and Petrovič 2014) , and benefit-cost analysis (Crecente et al. 2002; Jin et al. 2016b; Manjunatha et al. 2013) . Various studies analyze the implementation of LC, mainly focusing on projects at the regional or even project level (Qiu et al. 2001; Niroula and Thapa 2005) . They mainly emphasize the evaluation of changes to farmland before and after being consolidated, including the assessment of farmland quantity potential (Coelho et al. 2001; Ling and Liao 2011) , the evaluation of farmland quality grades (Guan et al. 2013; Shi et al. 2013) , farmland productivity capability assessments (Bronstert et al. 1995; Liu et al. 2010; Wu et al. 2005) , and the assessment of environmental impacts (Crecente et al. 2002; Qin et al. 2013b ). However, study of the relationship between LC implementation and farmland resources at the national level has been left largely untouched, particularly when focusing on whether the pattern of contemporary land consolidation programs is consistent with the provision of local farmland reserves, in both temporal and spatial dimensions, based on the National Land Consolidation Plan.
To fill the research gap, in this study, we attempt to evaluate the relationship between the spatial distribution of LC implementation and farmland resources, qualitatively and quantitatively, in both space (spatial) and time (temporal) dimensions in order to provide a credible reference for national LC strategy making in the future. Specifically, this paper aims to: (1) propose a method to evaluate the relationship between the spatial distribution of LC implementation and that of farmland resources; (2) analyze the relationship according to the national LC plan; and (3) reveal the spatial-temporal features of such relationship.
Data and methodology

Data
The administrative setting of counties in 2012 has been used in framing research units. Excepting Hong Kong, Macau, Taiwan, and counties with no LC projects documented during the research period, there were 1860 units in total in this study as shown in Supplementary Figure 1 .
Data for farmland areas were obtained from the National Land Use Data, maintained by the Earth-system Scientific Data Sharing Platform. These were based on Landsat TM images in 2005 with a resolution of 30 m and interpreted by a man-machine interactive method (Liu et al. , 2003 . Data for farmland quality were obtained from the National Farmland Quality Grades (NQG) maintained by the Ministry of Land Resources (MLR), an outcome of the national farmland quality gradation system. The agricultural land gradation system focuses on differences of farmland production capability caused by differences in potential or theoretical local natural conditions, average land use utilization effectiveness, and average land use efficiency (details in Supplementary Text 1) (Deng et al. 2006; Song and Pijanowski 2014) . Applying the NQG to the national map (at the scale of 1:500,000) was completed by the MLR in 2008. The NQG is a unified standard and its value has been set within the range of 1 to 15, where smaller numbers represent higher average potential productivity (Fig. 1) . The difference between each pair of contiguous grades was 1500 kg/ha in Potential Land Productivity (PLP). In this study, the farmland quality has been categorized into four classes: superior (An NQG between 1 and 4), good (An NQG between 5 and 8), medium (An NQG between 9 and 12), and low (An NQG between 13 and 15). Moreover, the average NQG for a unit was defined to be the weighted mean NQG, while the farmland area in each grade has been used as the weight.
Data of LC projects accepted during 2006-2012 were derived from the National Rural Land Consolidation Monitoring and Regulation System maintained by the MLR (Fig. 2) . These data cover such fields as name, location, area, the amount of newly added farmland, and the amount of investment (Fig. 2) .
Data of the National Land Consolidation Plan (2001-2010) and the National Land Consolidation Plan (2011) (2012) (2013) (2014) (2015) were referred to in order to check the spatial disparity between LC implementation and policy intentions. The plan specifies the goals of national LC programs as constructing 26.7 million ha of well-developed farmland and 1.6 million ha of newly added farmland by the year 2015. To achieve these goals, three key areas were proposed: key regions of LC, demonstration areas of high-standard primary farmland, and major LC project areas based on distribution of natural resources, socioeconomic development and status of agricultural production. As for our study, there are 1186 units in the key regions of LC, 500 units in demonstration areas of high-standard primary farmland, and 1026 units in major LC project areas (Fig. 3 ).
Methodology
Agricultural productivity is greatly determined by both quantity and quality of farmland. We proposed a method of integrating the implementation intensity and farmland quality improvement potential in order to analyze the relationship between the spatial distribution of LC implementation and the improvement potential of farmland quality. Furthermore, we employed the gravity model to analyze the migration of quantitative centers and quality-weighted centers of LC-enrolled farmland to better our understanding of the spatial-temporal changes related to such implementation.
Implementation status analysis
Implementation intensity index (I index) This index is designed to represent the unit's magnitude in the national LC implementation. It is defined in Eq. 1:
where:
I i is the value of I index in unit i; α i is the total LC area between 2006 and 2012 in unit i; β i is the total farmland area in unit i; and. n represents the total number of units (n = 1860).
If I i = 1, it means that unit i's proportion in LC implementation is equal to its proportion in the national farmland amount;
If I i > 1, it means this unit has a higher concentration in LC implementation, and vice versa.
The distribution of I values is evidently unbalanced (Fig. 4) . To facilitate the analysis, we use the 95% confidence interval of I to separate the 1860 units into two groups: the normal group (1826 units) and the extremely high group (34 units).
Upon the normal group (0 ≤ I ≤ 8.68), Eq. 2 is applied to standardize the values to the range [−1, 1].
The extremely high group has been left out for specific treatment.
Farmland quality improvement potential index (P index)
This index is expected to represent the feasible potential of a 
represents the improvement potential of farmland quality in unit i; NQG i is the NQG value in unit i; {NQG j } is the collection of NQG in agricultural sub-partition j while j = 1,2,…,38; Max {NQG j } and Min{NQG j } stand for the maximum value and the minimum value of NQG in subpartition j.
Thus, farmland quality improvement potential can be derived for all 1860 units. These potential indices are within the range [0, 1]. To further facilitate the interpretation, Eq. 4 is applied to these indices to render them within the range [−1, 1].
indicates that unit i has already achieved the highest farmland quality and is of no improvement potential; P 0 i ¼ 0 indicates that the farmland quality in unit i is exactly equal to the average quality level of the agricultural sub-partition it belongs to; and
indicates that the farmland quality in county i is of the poorest condition and of the greatest potential for farmland quality improvement.
Implementation relationship evaluation I index and P index are used to set up a two-dimensional coordinate system to illustrate the relationship between LC implementation efforts and farmland quality improvement potential at the national level. In this coordinate system, research units can be categorized according to their LC implementation intensity and the farmland quality improvement potential.
Spatial-temporal migration of the coordination
The concept of the gravity center originated in Physics to refer to the only point where an object is subjected to gravity and was later extended to describe a balance point (Murray et al. 1967; Xu and Li 2005) . Walker (1874) put forward in his book the phrase Bcentre of population^. In this book, Bcentre of population^was regarded as the point at which equilibrium would be reached; a country could be taken as a plane surface, itself without weight, but capable of sustaining weight, and, loaded with its inhabitants in number and position such as they were found at the period under consideration, each individual being assumed to be of the same gravity as every other, they would consequently exert pressure on the pivotal point. In this sense, the phrase has been used on maps to show the density of populations. Since the 1960s, this concept has been introduced into social science to represent the geographic and density center for a particular factor (Xu and Yue 2001) . There is a large number of research findings, based on the gravity model, related to movement routes of regional consumption (Fu et al. 2011) , shifts in the world's center of economic gravity (Klein 2009 ), land use conversion (Fang and Zhang 2009) , Fig. 4 Frequency of I index gravity center movement of ecosystem service value (He et al. 2011) , and so on. The gravity model can identify movement direction and distance to the center of gravity for targeted objects. Moreover, movement direction and distance to the center of gravity can reflect changes in quantity and change trends of the targeted object over time (Cipollina and Salvatici 2010; Karemera et al. 2000) . In this paper, we applied the gravity model to explore the spatial-temporal features of LC implementation and its relationship with both the spatial distribution of farmland and farmland quality.
The geometric center of a unit is set as g i (x i , y i ) where x i and y i represent the longitude and latitude, respectively, and i = 1, 2, 3, …, 1860. The geometric center of a province/nation can be similarly set as G(X, Y).
G f (X, Y), G q (X, Y) and G LC (X, Y) are proposed to represent the gravity center coordinates for farmland area, the gravity center coordinates for farmland quality, and the gravity center coordinates for LC area, respectively, by weighting the geometric center of each unit in the target region using its farmland area, farmland quality, and LC area, respectively. Coordinates of these gravity centers for the study area can be defined as in Eq. 5:
X t and Y t are the longitude and latitude of the gravity center of an object attribute in a province, or nationwide, in year t, respectively; j indicates a particular unit in a province or nationwide and l is the total number of units in this province or nationwide; t represents a particular year between 2006 and 2012; (x j , y j ) is the coordinate of the geometric center of unit j; w tj is the weight assigned to unit j in year t,and (x j ×w tj ) and (y j ×w tj ) are the weighted longitude and latitude for unit j in year t, respectively.
When w tj is set as a county's LC area, we can obtain the area-weighted LC gravity center G LC (X, Y). Similarly, we can obtain the gravity centers of G f (X, Y) and G q (X, Y). This gravity model provides us with a convenient way to monitor the dynamics of the spatial distribution of farmland and farmland quality over time. Notably, when any weighted gravity center significantly differs from the regional geometric center, it indicates uneven distribution of this spatial phenomenon, which we refer to as Bdeviation of gravity center^. The direction of deviation indicates the high-density part of a spatial phenomenon and the distance of deviation indicates the equilibrium level.
For each target region (province or nationwide), the movement distance for the centers of gravity during a time period can be expressed by Eq. 6:
D is the movement distance of gravity centers (km); and X t1 , X t2 and Y t1 , Y t2 are gravity center coordinates of object attributes for the year t 1 and t 2 .
Similarly, the distance of G LC (X, Y) from G(X, Y) illustrates the degree of deviation of LC efforts.
Results
Relationship between LC implementation and farmland resources
In the space constructed by the I′ index (for the normal group) as vertical axis and the P′ index as the horizontal axis, the total 1826 units can be divided into four categories: (I) high intensity-high potential; (II) high intensity-low potential; (III) low intensity-high potential; and (IV) low intensity-low potential. The other 34 units in the extremely high group are assigned to two additional categories, extremely high intensity-high potential (V) and extremely high intensity-low potential (VI). Figure 5 shows the bagplots (Rousseeuw et al. 1999 ) of the two dimensional I′ and P′ indices data in categories I-IV. A bagplot is a bivariate generalization of a boxplot, visualizing several characteristics of the data, such as the location, spread, skewness, correlation, and tails.
Expanding the spatial attributes with such category values, we can obtain our implementation map (Fig. 6 ) and compare it with the layout of the national LC plan. Then we can derive related statistics (Table 1 ) and some visual patterns and possible explanations.
& Category I (high intensity-high potential)
This category consists of 365 units and represents 14.35% of national land area and 15.18% of national farmland area. The average NQG of this category is 9.81 and is slightly less than the national average, 9.96.
Spatially, some units cluster together in the eastern costal region, mostly in Shandong, Zhejiang, and Fujian, where economic development is at a high level. Some units concentrate in northeastern China where farmland resources are abundant and agricultural production is greatly mechanized. The Eastern Sichuan Basin and the oasis area of Tianshan piedmont are also places where category I units concentrate. These two places feature abundant natural resources and good agricultural production conditions. In addition, some units scatter across southern Hunan and the northwest of Inner Mongolia.
Regarding the plan, 75.07% of the units in this category belong to key areas delineated in the national LC plan. Specifically, there are 202 units in key regions of LC, 87 units in demonstration areas of well-developed farmland, and 140 units in major LC project areas. Most units in this category are hot spots of economic growth, though losing large amounts of farmland to rapid urbanization and industrialization. Due to the requirement of the Farmland Balance Policy, that farmland being converted to built-up areas must be compensated by creating at least the same size farmland elsewhere, these units have become the focus areas of current LC implementation and LC fund investment.
& Category II (high intensity-low potential)
This category consists of 356 units. It covers 11.06% of national land area and 17.06% of national farmland. Most areas in this category are plains and gentle hills, and feature a long history of agricultural production, implying that the farmland is of high quality. The average NQG of this category is 7.00, with farmland quality in this category being much higher than the national average.
Spatially, these units are mainly in Jiangsu, northern Shandong, eastern Henan, central Jilin, and eastern Hunan. The two-dimensional space constructed by indexes of implementation intensity and farmland quality improvement potential, shown in bagplots. Notes: These bagplots include three components: a bag (inner polygon) that contains 50% of the data points, a fence (outer polygon) that separates inliers from outliers, and a loop indicating the points outside the bag but inside the fence. Distribution of the two dimensional I′ and P′ indices data in each of the four categories can be summarized by the corresponding bagplot. The location of the data is shown by the depth median (yellow color). The spread of the data is shown by the size of the bag (dark blue color). The skewness and correlation can be seen by the shape and orientation of the bag and the loop. The tails include the points near the boundary of the loop and the outliers.
In addition, some units are scattered across northern Ningxia, eastern Xinjiang, and southern Chongqing. Of the units in this category, 86.80% belong to key areas delineated in the national LC plan. Specifically, there are 236 units in key regions of LC, 102 units in demonstration areas of well-developed farmland, and 225 units in major LC project areas. Because the farmland quality of this category is already at a high level, it leaves very limited room for further improvement. LC activities in this category put great effort into improving the level of agricultural modernization and enhancing the preservation and protection of the ecological environment.
& Category III (low intensity-high potential)
This category consists of 679 units and covers 28.78% of national land area and 34.50% of national farmland. Most units in this category are located in the center and west of China, including Inner Mongolia, Shanxi, Shaanxi, Gansu, Qinghai, Guizhou, and Yunnan. The Inner Mongolia Plateau, Loess Plateau, Yunnan-Guizhou Plateau, and Northern Sichuan Plateau are all of complex topography and high elevations. The average NQG in this category is 10.73, and the quality is significantly lower than the national average.
Of the units in this category, 72.31% belong to key areas delineated in the national LC plan. Specifically, there are 326 units in key regions of LC, 136 units in demonstration areas of well-developed farmland, and 316 units in major LC project areas. Because of great technical difficulties, LC activities have been very restricted in these units.
Referring to the national LC plan, in this category, about 46.54% of the units belong to major LC project areas and account for 30.80% of total national major LC project areas. This demonstrates that the Chinese central government wants LC programs to be a means of improving agricultural productivity and reducing poverty in these units.
& Category IV (low intensity-low potential)
This category consists of 426 units and represents 11.52% of national land area and 22.22% of national farmland. Most units are clustered together in the east and center of China, including Hubei, Henan, Jiangxi, Jilin, and Heilongjiang. The middle and lower reaches of the Yellow River and the Yangtze River are the greatest areas of concentration. Most units in this category belong to traditional cultivated regions with abundant water resources and fertile soil. The average NQG in this category is 7.47.
Of the units in this category, 86.62% belong to key areas delineated in the national LC plan. Among them, 260 units are in key regions of LC, 128 units are in demonstration areas of well-developed farmland, and 251 units are in major LC project areas.
Although, according to the national LC plan, this category should take priority in national LC implementation, this was not the case in the study period.
& Category V (extremely high intensity-high potential)
This category consists of 18 units. It only covers 1.10% of the national land area and 0.36% of national farmland area and has an average NQG of 9.00.
Most notably, 4.28% of LC area actually occurs in only 0.97% of the total units. The highest I index value in this category is 161.91 (Hetian in Xinjiang), which means its proportion of national LC area is 161.91 times its proportion of national farmland area. Meanwhile, the average I index value in this category is 21.85, nearly 14 times higher than the national average of 1.48.
Most units cluster together in the western mountainous areas of Zhejiang and the Southwestern Chengdu Plain. Specifically, only five units, about 27.78% of the total units in this category, belong to key areas delineated in the national LC plan. Among them, three are in key regions of LC, one is in a demonstration area of well-developed farmland and one is in a major LC project area. There is an apparent contradiction between LC implementation and the national LC strategy.
& Category VI (extremely high intensity-low potential)
This category consists of 16 units, representing 0.13% of national land area and 0.29% of national farmland. The Although about half of the units belong to key areas delineated in the LC plan, the extremely high level of intensity demonstrates that their LC implementation does not conform to the national LC plan.
Spatial-temporal features of LC implementation
The migration of LC quantitative centers
The gravity model was employed to calculate the deviation, i.e., the distance, of the gravity center of LC area from that of farmland area for each individual province and in each year between 2006 and 2012. The value and direction of these deviations can be observed in Fig. 7 and Supplementary  Figure 3 .
As shown in Fig. 7 , LC implementation in most provinces is consistent with their farmland spatial distribution. Most deviations are less than 100 km and are northward in direction. Thus more LC projects are enrolled in the northern part of the provinces where precipitation is less than average and accumulated temperature is less than that in other parts of the same province.
The greatest deviations occur in Inner Mongolia where farmland is concentrated in the center and northeast of the province, but most of the LC projects are located in the southwest and southeast. From Fig. 7 , it is quite evident that the gravity centers of LC area are located to the south of their corresponding farmland area centers and the maximum deviation is 582.74 km.
The greatest range of deviation occurs in Gansu province, from −247.28 km (in year 2009) to 192.84 km (in year 2012). This may be due to two reasons. First, there are significant changes in the location of LC projects, for example, northern cities such as Jiayuguan, Jiuquan, and Zhangye comprised more than half the LC area in 2009, while southern cities such as Tianshui and Qingyang took the main part of LC area in 2012. Second, great variation may also arise from the special geographic shape of this province.
The migration of quality-weighted LC centers
Well-facilitated primary farmland is essential to land consolidation programs. Land consolidation programs merge scattered plots, improve soil quality, improve agricultural infrastructure, and so on, in order to increase the percentage of farmland being actually farmed, boost farmland quality, and improve agricultural production conditions.
The poor condition of agricultural infrastructure has considerably restricted agricultural modernization in China, especially owing to obsolete irrigation facilities, sparse coverage of the road system, and the vulnerability of farmland to natural disasters. According to statistics, infrastructure is well completed in less than 40% of farmland in key irrigation areas, with effective irrigation occurring on less than 50% of national farmland , and the annual loss of farmland to natural disasters was 115,000 ha between 2001 and 2010 (Wu 2012) . Low-to medium-quality farmland, which takes up a great proportion of national farmland coverage, generally has low-standard infrastructure, poor accessibility, is inadequately funded, is in a serious state of disrepair, and is incompetent in disaster prevention. However, this does imply a considerable area for the improvement of farmland production.
Meanwhile, farmland in traditional agricultural areas, and in the major grain production areas, is often of better than average quality. It is more feasible to improve the production capacity of such farmland by such means as promoting farmland contiguity, strengthening integral investment in technology and human capital, and applying modern farming techniques and management. Regarding the constraints of land resource and the environment, land consolidation programs conducted on low-and medium-quality farmland are of more significant marginal effect from the cost-benefit perspective (Qiao and Liu 2016) . In consequence, it may be better for land consolidation programs to be carried out on low-to mediumquality farmland, this being the potential breakthrough required toward establishing large-scale well-facilitated primary farmland, which conforms to both the principle of Beasy first, difficult later^and also to the desired orientation of the National Land Consolidation Plan.
Amounts and percentages of different farmland quality involved in LC are in a descending order of medium-, high-, low-and superior-quality. Generally speaking, farmland in LC with medium, high, low, and superior quality accounts for more than 50%, 25%-46%, less than 10%, and less than 10% in proportion, respectively (Fig. 8) . These proportions are similar to those of national farmland.
Temporally, there are two observations. First, the amounts of LC with superior-quality have been increasing every year while the amounts of LC with high-, medium-, and lowquality all reached their maxima in year 2010 and have been decreasing ever since. The second observation is that over the years, percentages of enrolled superior-and low-quality farmland have been increasing, the percentage of enrolled highquality farmland has been decreasing, and the percentage of enrolled medium-quality farmland has been maintained, between 50 and 60%.
Spatially, the gravity centers of quality-weighted LC are distributed from south to north in the order of farmland quality categories superior, high, medium, and low (Fig. 9) .
Other observations are:
(1) Superior quality farmland is mainly located in Hunan and Hubei. Specifically, the gravity center of national superior quality farmland lies around the border between Hunan and Hubei. In the early stage of our study period, the quality-weighted gravity center of LC-enrolled superior-quality farmland was in the southwest of Anhui province because of its economic advancement and the great LC investment in this eastern region. Meanwhile, these gravity centers were consistently located to the north of the gravity center of national highquality farmland. This may be caused by two reasons: first, following the development strategy in the central and west regions, the transfer of LC essential areas to west China has been reinforced; second, LC projects with high-quality farmland were more concentrated in Henan, Jiangsu, and Hubei during these years. (3) Farmland of medium quality is dispersed across the country, with relatively more in northeast and west China. The gravity center of national medium-quality farmland is located in Shanxi province. There is an obvious trend of gravity centers of LC-enrolled mediumquality farmland moving northward. Specifically, those centers located in Jiangsu province and Henan province between 2006 and 2008 later moved toward the center of national medium-quality farmland. There was a significant policy change in 2008; the essential target of LC was to shift the farmland quantity balance to comprehensively raised farmland quality. With the implementation of the major LC projects in Heilongjiang and Jilin, the gravity centers of LC-enrolled medium-quality farmland move northward continuously. This may indicate that the overall balance of LC-enrolled mediumquality farmland and the national medium-quality farmland resources have been improving. (4) Farmland of low quality is mainly located in central-east
Inner Mongolia, the north of Shanxi, Shaanxi, Qinghai, Gansu, and the north of Xinjiang, where farmland resources are scattered. The gravity center of national low-quality farmland is located in Inner Mongolia. However, the movement of gravity centers of LCenrolled low-quality farmland does not follow a clear path. These centers moved southwest between 2006 and 2010, but toward the center of national low-quality farmland in 2011. The possible reasons are: firstly, constrained by natural resources (especially water resources) and the level of economic development, the LC investment in these areas was relatively low. This makes the average area of LC-enrolled low-quality farmland relatively small and scattered in spatial distribution. Secondly, Inner Mongolia and agricultural areas along the Great Wall (including Shanxi and Shaanxi) are key regions of LC. This makes the gravity centers stay in these areas.
Discussion
Contemporarily in China, land consolidation planning has been drafted and enacted from the top (i.e., the central government) down (i.e., local governments). The national plan is a Bone-size-fits-all^solution for all local plans; it sets strict requirements over newly added local farmland amounts, and shows its preference for averages in terms of policy programs and land quality assessment. Moreover, it has long lacked a dynamic monitoring and evaluation mechanism with regard to land consolidation progress. Feedbacks from local governments is tightly confined to those related to criteria required in annual reports. Therefore, central government cannot acquire a comprehensive picture regarding the effectiveness of land consolidation programs and the challenges faced. For local governments who carry the burden of both inadequate funding for land consolidation programs and the pressure of Bbalancing farmland taken by supplementing new farmland^, short-term effects and easy-to-be-seen projects are more favorable. In this context, local governments generally neglect comprehensive assessments of local farmland resources, which leads to the randomness in locating land consolidation programs, variety in carrying on consolidation construction, insufficiency in subsequent infrastructure construction, and no guarantee for effective farmland quality improvement.
To boost the efficiency of matching LC implementation projects to farmland resources and to balance the policy pursuits of both central and local governments, we suggest that a Bbottom-up^operational strategy should be incorporated and combined with the traditional Btop-down^LC administrative style to harbor differences in regional land use structures and local socio-economic contexts. Specifically, this strategy may include:
(1) refine and reconstruct the leveled policy objectives in favor of a comprehensive land consolidation planning hierarchy.
To have a hierarchy of land consolidation planning involving all central and local governments may be highly effective. At the top, the central government should take the lead in initiating a national plan that guarantees the implementation of the plan through five-year phases, allocates the role of local government to manage resource identification and information updates, emphasizes the requirement for comprehensive assessment of local resources and environment, differentiates local land consolidation policy objectives, and strengthens the health of a multi-class, multi-leveled land consolidation implementation system. At the bottom, local governments should ensure the feasibility of implementing local land consolidation objectives required by national land consolidation plans by enforcing surveys of the local farmland resource, integrating local water resources, land resources, land use structures and so on, and deploying survey supported land consolidation projects and promoting land consolidation progress of specific types and specific units.
(2) reinforce the spatial management of land consolidation projects and dynamic assessments.
Land consolidation programs should be arranged in accordance with the logical sequence of 'strategic areas -potential areas -project areas' with clearly stated local policy objectives and preferences. Referring to the main issues involving local land use structures and local development orientation, the arrangement of land consolidation programs should be optimized in terms of allocation, sequencing, funding and so on, especially in key land consolidation areas. Meanwhile, such arrangement should integrate remote sensing technology and on-site surveys, strengthen the dynamic management of significant land consolidation projects and demonstration projects, update government with timely feedback of local barriers, and be adjusted accordingly whenever needed. In terms of assessment, in addition to the required annual report of total LC area and newly added farmland, a sound evaluation of agriculture productivity improvement based on land use status quo and socio-economic conditions should also be required; for example, survey and monitoring of farmland quality gradation, or annual assessment of the local water-soil environment. These assessment outcomes would be critical for central government to allocate further rounds of specific land consolidation funds.
(3) supplement the management mechanisms and measures for land consolidation programs
In general, it is desirable that more implementation efforts should be made in boosting the efficiency of land consolidation investment and improving farmland quality capability. There is no doubt that land consolidation programs impact positively on farmland quality improvement, but they cannot immediately overcome all obstacles in farmland utilization; some features of these programs may be more efficiently applied later on. Social financing, the management mechanism upon which land consolidation programs proceed, and modern land management are critical for the long-term benefits of land consolidation programs. At the national level, it is preferred to tilt funding and policy in favor of land consolidation programs upon low-to medium-quality farmland in North and West China and toward land consolidation projects aimed at establishing high-standard primary farmland (Song and Liu 2016) . At the local level, it is more beneficial to attract social investment through all means to enhance the coverage of farming infrastructure, encourage public participation, and promote farmers and rural organizations with subsidies or allowances. The aim of these would be to encourage involvement in the maintenance phase and the later phases of land consolidation programs (including maintenance of farmland infrastructure, construction facilities and repairs). Moreover, superior-quality farmland in East China should be protected with innovative mechanisms. These may be more effective in strengthening land consolidation programs in primary farmland preservation areas and grain production areas, and/or remedying polluted farmland, and/or promoting farmland to be contiguously distributed or optimally allocated, and/or boosting the economy of scale, and/or improving farmland ecological quality and agricultural produce quality (Tilman et al. 2002) .
Conclusions
In order to relieve the pressure of farmland loss, stabilize food production, and guarantee national food security, the Chinese government has been implementing large-scale LC since 1998. This article analyzed whether current land consolidation programs actually favor key areas defined in the National Land Consolidation Plan, whether land consolidation practices have been reinforced upon low-to medium-quality farmland, and whether the current arrangement of land consolidation projects is consistent with the spatial distribution of national farmland resources.
We propose a method of integrating the implementation of spatial distribution with farmland quality improvement potential to analyze the overall implementation efficiency of land consolidation at the national level. Furthermore, the gravity model was used to identify the migration of the centers of gravity for both quantitative and quality-weighted LC projects to deepen our understanding about the spatial-temporal changes of such implementation.
We conclude that the spatial distribution of LC implementation relative to optimizing national farmland resources is inefficient in general. There exist some obvious discrepancies between LC concentration and the national farmland quality improvement potential. At the same time, the national LC plan does not provide clear guidance for LC implementation, resulting in greatly varied efforts being put into LC implementation across the country. Last, there is a certain improvement in the trend of implementation at the provincial level from the aspect of spatial-temporal features. In order to make full use of farmland resources and balance local and national interests, methods of management and operational strategy in land consolidation should be improved.
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